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This paper reports a two-layered polydimethylsiloxane microfluidic device—Flip

channel, capable of forming uniform-sized embryoid bodies (EBs) and performing

stem cell differentiation within the same device after flipping the microfluidic channel.

The size of EBs can be well controlled by designing the device geometries, and EBs

with multiple sizes can be formed within a single device to study EB size-dependent

stem cell differentiation. During operation of the device, cells are positioned in the

designed positions. As a result, observation and monitoring specific population of cells

can be achieved for further analysis. In addition, after flipping the microfluidic chan-

nel, stem cell differentiation from the EBs can be performed on an unconfined flat sur-

face that is desired for various differentiation processes. In the experiments, murine

embryonic stem cells (ES-D3) are cultured and formed EBs inside the developed de-

vice. The size of EBs is well controlled inside the device, and the neural differentiation

is performed on the formed EBs after flipping the channel. The EB size-dependent

stem cell differentiation is studied using the device to demonstrate its functions. The

device provides a useful tool to study stem cell differentiation without complicated de-

vice fabrication and tedious cell handling under better-controlled microenvironments.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4931638]

I. INTRODUCTION

Embryonic stem (ES) cells have been widely discussed for their pluripotency and self-

renewability. ES cells can differentiate to various kinds of cells, such as cardiomyocytes,

hematopoietic progenitors, and dopaminergic neurons.1 For a better recapitulation of ES cell

differentiation, the formation of an embryoid body (EB) is pivotal.2,3 It is well known that

microenvironmental factors have a profound impact on directing the differentiation fate of EBs. One

of the most important factors is the size and morphology of EBs.1,4–7 For example, Hwang et al.8

demonstrated that cardiogenesis was enhanced in larger EBs, while endothelial cell differentiation

was increased in smaller EBs. Furthermore, Choi et al.9 performed stem cell differentiation from the

EBs with controlled dimensions, and they found that the cardiogenesis and neurogenesis were

strongly regulated by the EB dimensions. Although many conventional methods have been reported

to produce uniform-sized spheroids, such as hanging drop, spinner flask, and round-bottomed 96-

well plate cultures, it still requires a lot of effort for forming homogenous and uniform-sized EBs,

and it is usually tedious to transfer EBs for the following differentiation processes.2 Furthermore,

recent studies have found the stem cells begin to self-organize themselves in EBs and further affect

their latter differentiation.10,11 Therefore, a technique allowing researchers monitor and image spe-

cific EBs from their formation to differentiation is highly desired for stem cell research.

Because of the automation capability and better spatiotemporal controllability provided by

microfluidic techniques, various microfluidic cell culture devices have been developed to better study

cells under physiological meaningful microenvironments in vitro.12–20 Moreover, a microfluidic de-

vice capable of precisely positioning EBs to study their differentiation under various controlled
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microenvironment factors, including chemical and physical ones, is highly desired for stem cell

researches.21,22 As a result, a variety of microfluidic devices are proposed to simplify the EB forma-

tion and differentiation processes.3,23–27 These microfluidic devices provide efficient tools for massive

uniform-sized EBs production; however, it is difficult and tedious to harvest and transport the EBs for

subsequent differentiation studies in unconfined spaces comparable to those done in Petri dishes. In

addition, continuous monitoring of each EB and study differentiation of the EBs with different sizes

are also challenging in the current setups. For instance, the microfluidic devices with sandwiched

semi-porous membranes can easily produce EBs with homogeneous dimensions controlled by the ge-

ometry design of the channels. However, the non-optically transparent semi-porous membrane and

relative long distance between samples and objectives limit the optical imaging capability on EBs.3

The differentiation can also be performed within the same device; however, the cells are cultured in

the compartmentalized channel with spatial confinement.3 Several concave microwell devices have

been also developed for EB formation and differentiation studies. In these devices, the EBs need to be

manually transferred to Petri dishes after the formation, which makes continuous observation of spe-

cific EBs challenging. For example, Choi et al.9 formed uniform-sized EBs using concave microwell

structures and retrieved them onto tissue culture dishes for neuronal differentiation studies. Recently,

Kang et al.23 reported a microfluidic device capable of forming uniform-sized EBs and performed

cell differentiation within the same device. However, each time only single-sized EB can be formed

in the device with careful control of the flow rates. In addition, the device structures confine the spaces

(with lateral dimension of approximate 500 lm) for stem cell differentiation, which may limit the dif-

ferentiated cell expansion (often needs lateral dimension of mm) and introduce additional undesired

physical factors for the cells.

This paper reports a simple microfluidic device—Flip channel, which is capable of efficiently

forming uniform-sized spheroids, and the size of EBs can be controlled by geometry design of

the microfluidic channel in a straightforward manner.26 Moreover, by flipping over the device,

the EBs are able to attach to the desired positions within the microfluidic channel. The device

allows the proceeding stem cell differentiation studies without sophisticated sample handling,

transportation, and spatial confinement in well structures, and the device also enables continuous

observation and imaging on specific EBs from their formation to differentiation. Furthermore, the

conventional cell analysis and observation schemes utilized in biological laboratories can be

directly applied for the further studies. In the experiments, murine embryonic stem (mES) cells

are cultured to form EBs inside the developed device. The EB sizes are analysed to confirm the

EB size controllability of the device. After the EB formation, the microfluidic channel is flipped

over to perform stem cell differentiation. Specifically, neuronal differentiation is performed, and

the EB size-dependent neurogenesis is studied in this paper. The experimental results demonstrate

that the developed device provides a powerful tool for stem cell research, and the device can be

operated in a simple manner. Moreover, the device can be integrated with other microenviron-

ment control functions provided by microfluidics to advance the stem cell researches.

II. MATERIALS AND METHODS

A. Microfluidic device design and fabrication

The entire device is made of an elastomer material, polydimethylsiloxane (PDMS), due to its

great optical transparency, gas permeability, manufacturability, and biocompatibility. The device is

constructed of two PDMS layers: the channel layer and the chamber layer as shown in Fig. 1. In

the channel layer, a straight microfluidic channel (width� length� height: 5 mm� 3 cm� 250 lm)

with pillars (diameter: 50 lm) is designed for cell delivering and EB differentiation without spatial

confinement. In the chamber layer, cubical aliquot chambers with various dimensions are exploited

to aliquot ES cells. The rectangular chambers with flat surfaces can provide better imaging quality

without distortion. Furthermore, the master molds to fabricate the chambers during the replica

mold process can be fabricated using straightforward photolithography processes with great dimen-

sion control and consistency.

The entire microfluidic device is fabricated using the well-developed multi-layer soft

lithography (MSL) replica molding technique. The microfluidic device is made of the
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commercially available elastomeric material, PDMS (Sylgard 184, Dow Corning, Midland, MI),

cast against silicon wafer molds with SU-8 (SU-8 2100, MicroChem Corp., Westborough, MA)

microfluidic channel features with thicknesses of approximately 250 lm patterned by conven-

tional photolithography and then silanized by 1H,1H,2H,2H-perfluorooctyl trichlorosilane (91%)

(L16606, Alfa Aesar, Ward Hill, MA) in a desiccator. The two PDMS layers are aligned and

irreversibly bonded using an oxygen plasma surface treatment (90 W) for 40 s (PX-250,

Nordson MARCH, Concord, CA).28 The inlet and outlet (2 mm in diameter) are then punched

after the bonding process. After the device fabrication, 5% (w/v) bovine serum albumin (BSA,

A2058, Sigma-Aldrich, St. Louis, MO) in water is introduced into the microfluidic channel and

incubated for 2 h to eliminate the cell-substrate interaction within the device. Prior to cell seed-

ing, normal culture medium is exploited to wash out the excessive BSA.

B. ES cell culture

To demonstrate the device capability, mES cells (ES-D3, 60205, Bioresource Collection and

Research Center, Hsinchu, Taiwan) transfected with Oct4-GFP (hOct4-GFP, Plasmid 21153,

Addgene, Cambridge, MA) are utilized in the experiments. The ES-D3 cells are cultured using

growth medium composed of Dulbecco’s Modified Eagle Medium (DMEM) (Gibco 10566,

FIG. 1. (a) Schematic and cross-sectional view of the two-layered PDMS microfluidic devices for uniform-sized EB forma-

tion and differentiation. (b) Fabrication process of the flip channel microfluidic device.
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Invitrogen, Calrsbad, CA) with 15% v/v fetal bovine serum (FBS) (Gibco 10082, Invitrogen),

1% v/v antibiotic/antimycotic (Gibco 15240, Invitrogen), 0.1 mM 2-mercaptoethanol (M7522,

Sigma-Aldrich), 0.02% v/v sodium pyruvate (Gibco 11360, Invitrogen), 1% v/v non-essential

amino acid (Gibco 11140, Invitrogen), and 1000 U ml�1 ESGRO (Chemicon ESG1106,

Millipore). The stocks are maintained in 1% gelatin (G1890, Sigma-Aldrich)-coated Petri dishes

at 37 �C in a humidified incubator with 5% CO2. The growth medium is changed one day after

seeding, and the cells are sub-cultured every other day. The ES-D3 cells are passaged by dissoci-

ation with TrypLE Express (Gibco 12605, Invitrogen), and cell suspensions for the experiments

are made by centrifugation of dissociated cells at 1000 rpm for 5 min at room temperature.

C. EB formation and differentiation

Figure 2 shows the ES cell seeding, EB formation, and differentiation processes. First, the

ES-D3 cells with density of 2� 107 cells/ml are introduced into the device through the channel

layer using a gravity-driven flow. The cells settled down into the aliquot chambers within

15 min, and the culture medium is then introduced into the channel layer again using the grav-

ity driven flow to remove the non-aliquot cells as shown in Fig. 2(a). After 15 min of static cul-

ture, both the inlet and outlet of the channel layer are temporally covered by glass slides, and

the device is flipped upside down. All the loosely aggregated cells fall onto the channel layer

within 30 min, and the EBs are formed due to the strong cell-cell interaction after 16 h of static

culture (Fig. 2(b)). The medium is exchanged everyday using the gravity-driven flow, and the

medium can be exchanged efficiently due to the straight flow channel design.26

To demonstrate that the EB differentiation can be achieved within the same device without

additional sample transportation, neurogenesis of ES cells is performed in the experiment accord-

ing to the protocol from a commercial kit (SCR101, Millipore, Billerica, MA). After flipping the

channel, the flat and unconfined channel layer surface within the device makes the device an

excellent tool for the neural development study of EBs. Because the immature neurons need to

travel a long way from embryo to their final destination in neural development, space is an essen-

tial element not only for the outgrowth of axons and dendrites but also for the neuronal migration.

After the formation of EBs, they are cultured statically in the growth medium in the ab-

sence of leukemia inhibitory factor (LIF) for an additional three days (3� condition) to form

the tight EBs. To direct the ES cells differentiation to neuronal lineage, EBs are cultured with

the addition of 500 nM retinoic acid (2005820, Millipore) for four more days (4þ condition).

Finally, EB formation medium (SCM018, Millipore) with 5 lg/ml laminin (Chemicon CC095,

Millipore) is utilized for an additional 8 days to facilitate the expansion of neuronal cells

(8� condition). Since the whole differentiation process takes place on an unconfined channel,

dead volume within the developed device is minimized for efficient medium exchange. As a

result, the neurogenesis of ES cells can be more efficient and accomplished. For comparison, ES

cell differentiation is also performed using the same protocol for neurogenesis in Petri dishes. To

further demonstrate the device capability, the EB size-dependent neurogenesis is also performed

in the experiments. The EBs formed using aliquot chambers with three different dimensions

(width� length: 150� 150 lm2, 300� 300 lm2, and 450� 450 lm2, height: 250 lm) on the same

device are differentiated according to the aforementioned neurogenesis protocol.

In order to observe the neurogenesis of ES cells, fluorescence immunostaining of bIII-

tubulin, which has been used extensively to label newly generated neurons, is performed in the

experiments.29,30 The cells are fixed in 4% paraformaldehyde (158127, Sigma-Aldrich) in

D-PBS (Gibco 14190, Invitrogen) for 30 min, and then permeablized/blocked in fresh

permeable-blocking solution composed of 5% normal donkey serum (017-000-001, Jackson

ImmunoResearch, West Grove, PA), 0.3% Triton X-100 (T9284, Sigma-Aldrich) in 1X D-PBS

for 2 h at room temperature. Then, cells are incubated with mouse anti-bIII-tubulin (1:500)

antibody (Chemicon MAB1637, Millipore) for overnight at 4 �C, washed three times, and incu-

bated with Cy3-labeled donkey anti-mouse IgG (1:500) (Chemicon AP192C, Millipore) for 2 h

in the dark. In addition, nuclei counterstaining is performed by incubating cells with 0.1 lg/ml
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DAPI (D9564, Sigma-Aldrich) in 1X D-PBS solution for 5 min at room temperature, followed

by washing cells three times (5 min each) with 1X D-PBS.

III. RESULTS AND DISCUSSION

A. EB formation

Fig. 3(a) shows the bright field microscopic images recorded by an inverted microscope (DM-IL

LED, Lecica Microsystems, Wetzlar, Germany) during the EB formation process. The images show

that a specific number of cells are collected into each chamber according to its dimensions, and non-

aliquot cells are washed out afterwards. The device is then flipped after 15 min to prevent cell adhe-

sion to chambers walls due to the prolong contact and degradation of the BSA coating. The loosely

packed cells then floated out from the chamber and trapped by the micro pillars. After 16-h culture,

FIG. 2. Operation procedure of the flip channel device. (a) Cell aliquot process in the device. First, ES cells are introduced into

the channel layer, and the non-aliquot cells are then washed out. (b) Device is flipped over for EB formation and differentiation

process within the device. The loosely aggregated cells fall down to the channel layer. After 16 h of culture, the aliquot ES cells

aggregate together and form EBs. The differentiation medium is then introduced into the device for ES differentiation studies.

054111-5 Chen, Peng, and Tung Biomicrofluidics 9, 054111 (2015)



the cells are tightly packed and form spheroids due to strong cell-cell interaction. As can be seen in

the figure, EB with excellent integrity can be formed using the flip channel architecture.

Furthermore, Fig. 3(b) demonstrates the bright field phase and fluorescence microscopic images

of the EBs with different sizes formed within the device after 16-h static culture after cell seeding.

The green fluorescence of EBs (Oct4-GFP) suggests that the stemness of the cells is well maintained

through the EB formation. In the designed device, the size of EBs can be varied by designing the

dimensions of the cell aliquot chambers. The diameters of EBs are estimated by analyzing the

FIG. 3. (a) Time-lapse images of EB formation within the device during the operation. (b) Bright field phase and fluorescence

images of EBs (Oct-GFP) formed in the developed device with different chamber dimensions. (c) Comparison of size variation

of EBs formed in the device with different chamber dimensions. Data are expressed in mean 6 standard deviation (n¼ 4).
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fluorescence images of Oct4-GFP EBs by an imaging processing program, ImageJ (Ver. 1.46r,

National Institute of Health (NIH), Bethesda, MD). Figure 3(c) shows the diameters of EBs formed in

the chambers with different dimensions. The results show that the average EB diameters are 145.5,

258.9, and 348.6 lm for the chambers with widths of 150, 300, and 450 lm, respectively. The shape

of the formed EBs is spherical and has similar dimensions in x, y, and z directions. The variations of

the diameters of EBs formed in the same dimension chambers are less than 12 lm, and the coeffi-

cients of variation (CVs) (standard deviation/mean) are less than 2.2%. In contrast, the CV of EBs

formed in the Petri dish is larger than 58%.26 The significantly lower CVs achieved using the device

show that the diameters of EBs can be well controlled by simply varying the chamber dimensions.

B. EB differentiation

Figure 4(a) shows the schematic of the aforementioned EB neurogenesis procedure

exploited in this paper, and Fig. 4(b) shows the bright field phase and fluorescence images of

FIG. 4. (a) Schematic of EB neurogenesis protocol. (b) Bright field phase and fluorescence images of EB (Oct4-GFP) neu-

rogenesis process within the device in different days.
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an entire microfluidic device at days 3, 7, and 14 during the neurogenesis experiments. As can

be seen in the images, the ES cells aggregated and formed EBs during the first three days (3�),

and the sizes of EBs are slightly increased. Furthermore, the bright green fluorescence signal

(oct4-GFP) suggests that the stemness of ES cells is well maintained when cultured in the

microfluidic device in the format of EBs. After introducing the medium for neural induction

(4þ), the EBs start to attach onto the surface of the channel layer. The dimmed green fluores-

cence signals show that the most ES cells have been differentiated and lost their stemness.

After further expansion (8�), the neuron cells grew on the flat surface of the channel layer.

The image shows that the large EBs formed using 450� 450 lm2 chamber have the largest out-

growth areas of neuron cells.

To further analyze the neurogenesis results, Fig. 5 shows combined fluorescence images

(Red: bIII-tubulin, Green: Oct4-GFP, Blue: DAPI) of the ES cells after the entire 15-day (3�/

4þ/8� conditions) neurogenesis process imaged by a broadband confocal microscope (TCS

SP5, Leica Microsystems). Figure 5(a) shows a fluorescence image at the neighboring area

closed to the EB formation site. Some cells still show green fluorescence (Oct4-GFP), which

indicates their undifferentiated states. Away from the EB formation site, more cells show red

fluorescence (bIII-tubulin), which suggesting cells are differentiated to neuron cells. Figure 5(b)

shows a fluorescence image at the area further away from the EB formation site in the flip

channel device where ES-differentiated neuron cells have ample spaces for the outgrowth.

Figures 5(c) and 5(d) show combined fluorescence images of the ES cells after the same neuro-

genesis process performed on Petri dishes at the area close to and away from ES colonies.

Comparing the ES-differentiated cells within the device and the Petri dish, the fluorescence

images show similar cell morphologies and bIII-tubulin expression. The experimental results

suggest that the flat and unconfined surface makes the device developed in this research an

excellent tool for the neural development study of EBs. Furthermore, the flat surface configura-

tion makes the following cellular observation and analysis, such as immunostaining and cells

harvesting, straightforward.

FIG. 5. Fluorescence images of Oct4-GFP (green) EB-derived neuronal differentiation in (a) and (b) developed flip channel

device, and (c) and (d) Petri dish. The EBs are cultured and differentiated for 15 days (3�/4þ/8� conditions), and stained

with mouse bIII-tubulin (red) and DAPI (blue).
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In addition, the device is exploited to study EB size-dependent neurogenesis due to the

great EB size controllability as shown in Fig. 3(c). Figs. 6(a)–6(c) show the bright field phase

and fluorescence images of the differentiated ES cells from EBs form in the aliquot chambers

with dimensions of 150� 150 lm2, 300� 300 lm2, and 450� 450 lm2 (width� length, and

height is 250 lm), respectively. Fig. 5(d) further shows the quantitative results by analyzing the

bIII-tubulin positive (red fluorescence) areas using ImageJ software, and statistical comparisons

between the areas from different aliquot chamber dimensions are performed using unpaired

Student’s t-test. Comparing the ES-differentiated cells from different EB sizes, the experimental

results show that the EB with larger diameters promotes the neurogenesis by showing more

bIII-tubulin positive areas. The bIII-tubulin positive areas from EBs from the three aliquot

FIG. 6. (a) Bright field phase and fluorescence images of neurogenesis from EBs located in different chamber dimensions

within the same device after 15-day differentiation. The cells are stained with mouse bIII-tubulin (red) and DAPI (blue).

(b) Comparison of the bIII-tubulin positive areas after 15-day differentiation from EBs formed in the chambers with differ-

ent dimensions. Data are expressed as the mean 6 standard deviation (n¼ 4).
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chambers are statistically different from each other. It is noticed that when the diameter of EB

is about 350 lm (formed in 450� 450 lm2 aliquot chambers), the bIII-tubulin positive area

increase rapidly (approximately 7 times) comparing to the area from the EB with diameter of

about 260 lm (formed in 300� 300 lm2 aliquot chambers). The results suggest that the EB size

is critical and needs to be large enough for efficient neurogenesis, which agrees with existing

studies.9 As a result, it is essential to control the EB size when conducting ES cell differentia-

tion studies, and the experimental results demonstrate the great functionality provided by the

developed flip channel device.

IV. CONCLUSIONS

In this paper, Flip channel—a simple double-layered PDMS microfluidic device capable of

forming uniform-sized EB and further proceeding to the following differentiation study in the

same device is developed. Despite a number of chips have been developed to form uniform-

sized EBs at the designed position, however, the EBs need to be cultivated from the devices

and transferred to other substrates for further differentiation experiments. Consequently, it is

challenging to simultaneously monitor the same EBs before and after the differentiation experi-

ments. In our device, the size of the EBs can be controlled by varying the geometries of cell

aliquot chambers. Furthermore, the integrity and stemness of EBs are well maintained in the

device due to the static EB formation process without additional mechanical stimulation. By

easily flipping over the device, the differentiation of EBs can be taken place on a flat surface

without mechanical confinements, and the entire process can be continuously observed for bet-

ter biology studies. In the experiments, the formation of uniformed-sized EBs (ES-D3) and their

differentiation to neural cells are demonstrated. The results show that the differentiated neural

cells within the device have similar morphologies and bIII-tubulin expression to those in a Petri

dish. In addition, the EB size-dependent ES cell differentiation can also be efficiently investi-

gated within a single device using the developed flip channel device. The developed device

allows the EBs attached to the designed position in a flat PDMS channel and differentiates in

the same device without sophisticated sample handling. These breakthroughs enable many fol-

lowing investigations on stem cells under controlled microenvironments, such as the role of cell

co-culture and mechanical cues in the fate decision of stem cells.
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